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The DA is an artery that, during fetal life, serves to divert the formation. SMC harvested from the DA and aorta of 100-flow of blood from the uninflated lungs to the systemic circulad fetal lambs were seeded onto three-dimensional collagen tion. With the initiation of breathing, the lungs are inflated and gels. Migration into the gels was quantitatively assessed the arterial oxygen saturation increases. Through a cytochrome by phase-contrast microscopy. INDO retarded DA SMC P-450 mechanism ( I ) probably linked to endothelin (2, 3) , the migration (p < 0.05), but it had no effect on aorta SMC elevated oxygen tension produces a strong muscular contraction migration. Synthesis of FN was measured after ["SI-meoccluding the DA and increasing the flow of blood to the pulthionine radiolabeling of cells, gelatin sepharose extraction monary circulation. Independent of this reversible muscular of conditioned media, and resolution by SDS-PAGE. De-contraction, permanent closure of the DA requires a structural spite the decrease in migration, INDO did not affect FN change. namely, the development of "intimal cushions" (4) . synthesis in DA SMC, whereas dexamethasone, a stabi-Failure of the DA to undergo obliteration. a common event in lizer of FN mRNA that increased DA FN synthesis by preterm newborns, allows blood to flow from the Ao into the 44%, had no further effect on SMC migration. We then pulmonary circulation and results in congestive heart failure. investigated whether INDO might be influencing SMC The development of intimal cushions. which occurs independmigration by decreasing collagenase production or altering ently of DA muscular contraction, involves changes in both the cell shape through changes in F-actin polymerization. Col-intima and the media of the vessel with increased deposition of lagenase activity, assessed by zymography using collagen hyaluronan in the subendothelial region associated with migratypes I and IV, was similar in control and treated DA and tion of SMC into this area (5) . Studies by Boudreau and Rabiaorta cells. Image analysis of the actin cytoskeleton after novitch (6) revealed that DA SMC harvested from early gestation rhodamine-phalloidin staining of DA SMC, however, re-fetal lambs produced 2-fold more FN than SMC from the Ao. vealed significant shortening of INDO-treated DA SMC Furthermore, the increase in FN production by DA SMC was relative to control, consistent with the observed reduction associated with their enhanced migration relative to Ao SMC in in migration. The results suggest that INDO may inhibit a three-dimensional collagen gel (7) . DA SMC migration by altering cell shape, whereas DA In a study evaluating the relationship between PG and intimal SMC are not further influenced by dexamethasone-me-cushion formation, deReeder et al. (8) (14) have demonstrated inhibition by maintained as described above or with added INDO M INDO of the estradiol-induced increase in cervical SMC produc-(Sigma Chemical Co.. St. Louis. MO) or DEX 5 x M tion of collagenase. Collagenase activity was also increased by (Sigma). These doses were similar to those previously used in treatment of the cells with PGF2a or PGEz (14) . In addition. cultured cells to inhibit PG synthesis (22) and up-regulate FN release of collagenase from neutrophils is inhibited by a variety synthesis. respectively (23) . Phase contrast microscopy with a of nonsteroidal antiinflammmatory drugs including INDO ( 15). 1 0~ objective (Nikon Diaphot inverted microscope; Nikon, Mis-INDO has also been shown to inhibit migration of corneal sissauga. Ontario. Canada) was performed on the 2nd and 5th epithelial cells and to promote a "spreading" form of transloca-day after seeding. Using an eyepiece micrometer and the fine ? i z~ n! ! the hasis nf actin fi!ament reorganization (16) . F-actin focus calibrator, the number of cells on or below the gel surface regulates neutrophil chemotaxis by determining neutrophil de-in five randomly selected adjacent fields (0.92 x 1.30 mm) formability, a feature that is enhanced by PGE2-mediated in-defined by the photographic grid on the lens was counted at each creases in CAMP (1 7).
time point (7). Therefore, we hypothesized that DEX therapy may enhance
In vitro assessment ofFNsvnthesis. We measured FN synthesis SMC migration and hence intimal cushion formation by increas-in five different experiments. In each experiment. 5 X lo4 SMC ing DA SMC FN synthesis, whereas INDO therapy may retard from the DA and Ao were transferred to 35-mm Petri dishes, intimal cushion formation by decreasing FN or collagenase grown to confluence. and incubated in methionine-free Medium production or by interfering with the polymerization of F-actin. M 199 for 24 h in the presence of 10 pCi/mL ["SI-methionine The objectives of this study were first to determine whether alone or with added INDO M or DEX 5 x M. The treatment of DA and Ao SMC with INDO or DEX increases or culture medium was removed and protease inhibitors, including decreases their migratory behavior. We then determined whether 2 mM phenylmethylsulfonyl fluoride (PMSF, Kodak. Rochester. the effect of INDO and DEX on SMC migratory behavior was NY), 10 mM N-ethylmaleamide, and EDTA (Sigma), were related to an effect on FN production. Next, we evaluated the added. FN separation was performed by applying 400-FL aliquots influence of INDO and DEX on SMC production of collagenases of medium to a gelatin 4B-sepharose microcolumn (Pharmacia, involved in cell migration. We then addressed how INDO and Uppsala. Sweden) as previously described (24) . The gelatin pack-DEX may influence the polymerization of F-actin and thereby ing was boiled for 3 min in 200 pL of SDS-sample buffer to elute cell length and shape. the FN, which was then resolved under reducing conditions on 5% SDS-PAGE by the method used by Laemmli (25). Gels were
MATERIALS AND METHODS
treated with En3hance (DuPont, Boston. MA), dried on a BioRad model 443 slab dryer (Bio-Rad Laboratories. Richmond, In vitro assessmen( of SMC migration. Fetal Rambouillet CAI, and exposed to Kodak X-Clmat AR-5 film at -70°C for 3 lambs were delivered by cesarean section on d 100 of a 145-d d. Autoradiographs were used as templates to cut bands at 220 timed gestation. We chose this time point because it precedes kD from the gels for determination of radioactive counts by the full development of intimal cushions. Lamb DA at this liquid scintillation spectrometry. The identification of the band gestational age are capable of only weak constriction without at 220 kD as FN was previously confirmed by Western immuluminal obliteration ( 18) . Furthermore. we had previously shown noblotting. Standardization for cell number was performed by in SMC harvested from fetal lambs at this gestational age that determining DNA content using the fluorescent dye bisbenzathe increase in DA compared with AO SMC was related mide (Hoescht Reagent H33 13. Calbiochem. La Jolla. CA) bindto increased FN (7). On the other hand. FN production is similar ing method as previously described (26) . Results are expressed in DA and Ao cells harvested from 138-d gestation vessels (6) . as c~m / 1 0 0 ng DNA x lo4.
probably reflecting the cessation of increased FN production and
In virro assessment of'coliagenase activit~l. Conditioned media SMC migration as formation of the cushion is complete. The were obtained from duplicate cultures of 5 X lo4 DA and AO maternal ewes were anesthetized by induction with 30 mg/kg SMC incubated for 24 h in serum-free medium with the same pentobarbital and by ventilation with methoxyflurane. 1.5 L/ concentrations of INDO or DEX as described above. Substrate min; nitrous oxide. 8 L/min; and oxygen, 3 L/min. The lambs gel electrophoresis using 10% polyacrylamide containing 1 mg/ were maintained in 100% nitrogen to prevent breathing and mL of type I collagen or gelatin was then performed using the closure of the DA. The great vessels. including the DA, were conditioned medium combined with sample buffer lacking 8-removed en bloc as previously described (1 9). Handling and care mercaptoethanol (27) . The gels were then incubated in 2% Triton of animals were in accordance with the guidelines of the Medical X-100 for 30 min at room temperature and in substrate buffer Research Council of Canada. and this study protocol was a p (50 mM Tris-HC1 buffer. pH 8. (19) . SMC at passage 2 were used to provide adequate lo-' M in four-well chamber slides (NUNC. Napierville, IL).
Cells well as during treatment with INDO or DEX (Fig. 3) . Similar findings were obtained on substrate gel electrophoresis using gelatin. i.e. there was no significant difference in type IV collagenase activity related to treatment or cell type. Cell morphologj-and length. On three-dimensional collagen gels. DA cells were elongated and spindle-shaped. whereas the Ao cells appeared shorter and stellate. features we have previously described (7) . When DA cells were treated with INDO. they became more like the Ao cells in appearance (Fig. 4) . This difference was more evident after rhodamine-phalloidin staining of F-actin (Fig. 5) . Quantitative analysis confirmed the shortening of the cells ( p < 0.01) (Fig. 6) . No difference was observed with DEX in DA SMC morphology. INDO had no significant effect on Ao SMC, but DEX was associated with a slight but significant elongation ( p < 0.05) (Fig. 6) . DISCUSSION RESULTS INDO is a treatment widely used to induce closure of a patent Cell migration studies. In the six experiments, no significant DA in the preterm infant. but the reason for thc frequently noted differences were observed in DA and A0 SMC migration through clinical failure of this therapy is not well understood. The results the collagen gels on d 2 after seeding (Fig. 1) . This reflects similar of our studies indicate that repeated treatment with INDO may attachment efficiencies (data not shown). On d 5, we confirmed have an unforeseen adverse effect on DA closure in the preterm the previously described increased migratory behavior of DA infant if SMC migration and subsequent intimal cushion forrelative to Ao SMC ( p < 0.05) (7). Furthermore, we noted a mation is impeded, reduction at d 5 in migration of DA SMC in the Presence of previous work in our laboratory has demonstrated that DA
the level apparent in the where IND0 endothelial cells and SMC are both sources of PGE2 and PG12 had no effect. Although values were slightly higher, the effect synthesis under basal (relatively hyperoxic) room air conditions DEX On DA SMC was significant and DEX and under conditions of severe hyperoxia (95% 02) (28). In did not influence Ao SMC migration.
general, PG production in DA SMC tends to be higher than in FN determination. We confirmed in five additional expen-endothelial cells, This is in keeping with previous studies in the ments the previously described approximately 2-fold increase in FN production by DA relative' to A. SMC ( p < 0.05) (6) (Fig. intact tissue. inasmuch as skinned, deendothelialized prepara-2). Although INDO treatment had no on DA SMC FIV tions of DA exhibit production of large amounts of PG and production, DA SMC treated with DEX secreted 44% more Fl\I contract after INDO treatment (29) . Basal PG production has relative to control DA SMC ( p < 0.05) (Fig. 2) . Thus, the INDO-been demonstrated in infants with patent DA as well (30) and induced decreased DA SMC migration was not related to a has been related INDO. reduced production of FN, nor was the DEX-induced additional Although we could not maintain DA or A0 SMC cultures increase in FN reflected in enhanced migration. Neither INDO under hypoxic (fetal) conditions because they will not grow (3 1)-nor DEX had a significant effect on production by A0 SMC it is unlikely that the effects related to DA SMC migration are (Fig. 2) .
the result of an increase in PG production caused by relative Collagenase studies. Substrate gel electrophoresis in two dif-hyperoxia in room air. We have previously shown that DA and ferent experiments revealed similar type I collagenase activity Ao endothelial cells and SMC produce similar levels of PGE2 produced by both DA and Ao SMC under control conditions. as and PG12 in culture under room air conditions and SMC from both vascular sites respond to severe hyperoxia (95% Oz) with similar increases in PG production (28) . Normally, INDO, by decreasing endothelial cell and SMC P C production, effects a muscular contraction of the DA resulting in the apposition of the intimal cushions leading to luminal obliteration. When INDO is administered to a preterm infant at a time point before the complete formation of intimal cushions. the muscular contraction might fail to achieve luminal obliteration. Moreover, we speculate. based upon our results. that INDO therapy at this time point may. through its influence on the cytoskeleton of DA SMC. retard the further development of the intimal cushions.
We chose a dose of INDO that we have shown in our previous studies completely inhibits production of PG in SMC (unpublished observations). It is possible that the effect observed was associated with some CAMP-or non-CAMP-mediated PG function unrelated to alterations in the cytoskeleton. It would therefore be of interest in future studies to replace PGEl or PGIz or to stimulate CAMP in INDO-treated DA SMC and to determine whether this alters the cytoskeleton. produces an elongated cell shape. and increases SMC migration.
The properties and behavior of cells are modified by changes in the production of extracellular matrix components with which they are in contact (32) . Enhanced DA SMC migration has been shown to be related to increased FN production by DA compared with Ao SMC (6) . and this is associated with an elongated shape of DA relative to Ao SMC consistent with a motile phenotype. It is believed that SMC migration in gels is dependent upon the production of a FN gradient that results from increased secretion peptides were added to collagen gels, we showed that DA SMC adopted a stellate appearance resembling the appearance of Ao SMC and no longer exhibited increased migration (7) . DEX, despite effecting a 44% increase in FN production by the DA cells. was not able to enhance the migration of those cells, although a trend toward enhanced migration was apparent. It is possible that a larger sample size or determining cell migration at a later time point or a higher dose of DEX may have shown a significant difference in migration. Alternatively. the DA SMC may already possess a maximally "migratory phenotype" and therefore are not influenced by the presence of greater amounts of FN. The regulation of FN is different in the DA and Ao in that there appears to be an enhanced efficiency of translation of FN mRNA in the DA in comparison to the Ao. where there seems to be a "translational block" (34). Therefore. even if corticosteroids were increasing FT\I mRNA half-life in the Ao. it is possible that the reduced mRNA translation efficiency in the Ao would result in no net increase in protein production. and this might explain the lack of DEX effect on Ao SMC FN (36) . PG, by increasing intracellular CAMP levels, can regulate both FN production and F-actin polymerization (10) . Moreover, an increase in expression of FN, the FN receptor, and actin observed in cells undergoing serum stimulation reflects the need for newly formed cells to anchor and undergo the necessary morphologic changes related to adhesion and spreading on the matrix (10). What appears most likely is that PG prevent closure of the fetal DA due to sudden hemodynamic changes or fluctuations in oxygen saturation while at the same time, in association with enhanced FN synthesis, they maintain F-actin polymerization and DA SMC morphology compatible with eficient migration for the purpose of forming intimal cushions. Removal of this matrix-cytoskeleton interaction by inhibiting prostacyclin synthase with INDO may result in the acquisition by DA SMC of the Ao SMC phenotype that is contractile as opposed to synthetic or motile and therefore unsuited to migration. Comparison of cell morphology and length between the control and INDO-treated DA SMC in relation to the observed differences in migration in three-dimensional collagen gels suggest that INDO constricts the DA by effecting the contraction of individual DA SMC. These contracted DA SMC then have a phenotype similar to Ao SMC that is unsuited to efficient migration, inhibiting further intimal cushion development and thus possibly leading to INDO treatment failure and persistent DA patency.
The apparent lengthening of Ao SMC during DEX therapy seems to be unrelated to increased FN synthesis by these cells. Clyman et a/. (37) have demonstrated that DA SMC migration is dependent on expression of laminin receptors. In studies evaluating the relationship of laminin to gut epithelial cell development, DEX was found to have no effect on laminin production by those ce!!s but did induce a shift frem secreted ! = cell-associated laminin molecules, suggesting an influence on receptor number or availability (38). The observed elongation of DEX-treated Ao SMC may have been associated with increased adhesion to laminin, whereas DA SMC, already having a maxi-IA SMC (.'I) demonstrating characteristic elongated spindle morphology. ification x 150. mally migratory phenotype, are not further influenced by DEXenhanced laminin adhesion. Alternatively, DEX may have a stabilizing effect on Ao SMC F-actin cytoskeleton, as has been demonstrated in other cell types (39). allowing the Ao SMC to lengthen. The fetal DA SMC may already exist at its maximum length necessary for efficient migration. DEX did not induce a sufficient increase in Ao SMC length to match that of DA SMC, and this may have accounted for the lack of increased motility.
Any pharmacologic manipulation of the developing DA for the purpose of its constriction may similarly retard intimal cushion formation. Therefore, future research should be directed toward methods of enhancing intimal cushion formation before DA constrictive therapy. Clinical data from trials of antenatal maternal steroid administration demonstrate a reduction in the incidence of patent DA in the babies born prematurely to these mothers (40). Whether this effect is related to decreased severity of respiratory distress syndrome in these babies or an actual effect on human fetal DA FN production and intimal cushion formation is not known at this time.
The finding of an alteration in cell phenotype associated with decreased DA SMC migration as a result of treatment with the nonsteroidal antiinflammatory agent INDO provides insight into a possible mechanism of INDO treatment failure, inasmuch as DA SMC migration is necessary to complete intimal cushion formation. Improved understanding of the regulation of the structural development of the DA may lead to more specific means of postnatally manipulating the patency or closure of the DA.
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